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A series of new hydridocarbonyl osmium(II) complexes, OsHCl(CO)(PPh3)(L-L)[L-L=Ph2P(CH2)flPPh2 (h=1 (1), 
2 (2), 3 (3), cw-Ph2PCH=CHPPh2 (4), and Fe(n5-C5H4PPh2)2 (5)] has been synthesized from OsHCl(CO)(PPh3)3 
and chelating diphosphines. These complexes have been characterized by IR,NMR and elemental analysis. 
The catalytic activities of these complexes both for the transfer hydrogenation of Zran^-cinnamaldehyde with 2- 
propanol as the hydrogen donor, and for the selective hydrogenation of /rtzn^-cinnamaldehyde with H2, have 
been examined. Complexes (1)-(5) were shown to have higher selectivities for the transfer hydrogenation of 
the C=O bond of aldehyde than for the transfer hydrogenation of the C드C bond of aldehyde. The selectivities 
for the transfer hydrogenation with 2-propanol as well as for the hydrogenation with H2 have been found to de­
crease in the order 3>5>2>4>1. Complex (3) has shown to possess almost 90% of the selectivity to cinnamyl 
alcohol for transfer hydrogenation. It is also found that there is a correlation between the v(CO) of each com­
plex and the hydrogenation, of the C=O bond of rrans-cinnamaldehyde. Overall, the selectivities with the com­
plexes (1)-(5) are greater for the transfer hydrogenation with 2-propanol than for the hydrogenation with H2.

Although the homogeneous hydrogenation of C=O and C느 

C bonds of the organic compounds by ruthenium complexes 
has been widely investigated,1 the analogous osmium com­
plexes which are expected to have somewhat different ca­
talytic properties have been relatively less studied. In gen­
eral, because the 5d metals are known to form very stable 
bonds with molecules typically involved in the catalytic cy­
cles, they have not been widely used as homogeneous ca­
talysts. However, the osmium complexes can effectively be 
used as the catalytic precursors for the homogeneous hy­
drogenation, if the ligands of the complexes and the reac­
tion conditions are properly selected. Examples of the homo­
geneous catalysis by the osmium complexes, however, have 
been mainly restricted to carbonyl clusters2 and mononu­
clear hydrido-phosphine derivatives.3

We have previously reported the synthesis and catalytic 
activities of osmium complexes containing arsine ligands 
for the hydrogenation of propionaldehyde.3b,3c As a con­
tinuation of this research, we now report the synthesis and 
characterization of a series of new hydridocarbonyl osmium 
(II) mononuclear complexes, OsHCl(CO)(PPh3)(L-L)[L・L듀 

Ph2P(CH2)„PPh2 (n=l (1), 2 (2), 3 (3), cz5-Ph2PCH=CHPPh2) 
(4) and Fe(Ti5-C5H4PPh2)2 (5)], as well as their catalytic ac­
tivities both for the transfer hydrogenation of trans-cin- 
namaldehyde with 2-propanol as the hydrogen donor and 
for the selective hydrogenation of ^ran^-cinnamaldehyde 
with molecular H2 under moderate reaction conditions.

Experimental

All manipulations were routinely carried out under ni­

trogen using conventional Schlenk techniques. Solvents 
were purified via fractional distillation under nitrogen or 
dehydration with Linde type molecular sieve 4 A prior to 
use. RuC13 H2O, PPh3, Ph2PCH2PPh2(dppm), Ph2PCH2CH2- 
PPh2(dppe), Ph2PCH2CH2CH2PPh2(dppp), cw-Ph2PCH= 
CHPPh2(dppv), and Fe(T]5-C5H4PPh2)2(dppf) were purchased 
from Aldrich Chemical Co. and used without further pu­
rification.

Physical measurements. The IR spectra (KBr disc) 
were recorded on a Analect FX-6160 FT-IR spectrometer. 
The NMR spectra were measured on a 300 MHz Varian 
Gemini 300 NMR spectrometer with CDC，，CD2C12, 
DMSO-d6 as NMR solvents. Elemental analyses were per­
formed by Micro-Tech Analytical Lab. at Skokie, Illinois, 
USA. The analyses of the products of catalytic reactions 
were carried out with a Hewlett Packard 5890 Series II gas 
chromatograph using HP-5 (crosslinked 5% PhMe silicone: 
25 m x 0.2 mm x 0.11 |im film thickness) column and int­
ernal standard (n-decane) method. The chromatograph was 
connected to a HP 3394A integrator.

Preparation of OsHCl(CO)(PPh3)(Ph2PCH2PPh2) 
(1). OsHCl(CO)(PPh3)3 (0.39 mmol, 0.405 g), which was 
prepared according to the known method,4 and Ph2PCH2PPh2 
(dppm : 0.75 mmol 0.288 g) were refluxed in a flask con­
taining 30 mL toluene under nitrogen for 3 hrs. The reac­
tion mixture was then allowed to cool to room temperature, 
where yellow precipitates were formed. These precipitates 
were filtered, washed with n-pentane, ethanol, and again 
with n-pentane, and then dried in vacuo. Yield: 0.191 g, 
42%.

Preparation of OsHa(CO)(PPh3)(Ph2PCH2CH2PPh2) 
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(2). OsHCl(CO)(PPh3)3 (0.39 mmol, 0.405 g) and Ph2- 
PCH2CH2PPh2(dppe: 0.60 mmol 0.239 g) were refluxed in a 
flask containing 35 mL toluene under nitrogen for 5 hrs. 
The reaction mixture was allowed to co이 to room tem­
perature and was then filtered in air to remove any im­
purities. The filtrate solution was concentrated to ca. one 
half of the original volume, to which 30 mL of n-pentane 
was added to yield white precipitates. The precipitates were 
filtered, washed with «-hexane, ethanol, and again with n- 
hexane, and then dried in vacuo. Yield: 0.286 g, 80%.

Preparation of OsHCl(CO) (PPh3) (Ph2PCH2CH2~ 
CH2PPh2) (3). OsHCl(CO)(PPh3)3 (0.39 mmol, 0.405 g) 
and Ph2PCH2CH2CH2PPh2(dppp : 0.59 mmol 0.245 g) were 
refluxed in toluene (40 mL) under nitrogen for 3 hrs. The 
reaction mixture was filtered in air to remove any impurities 
and the filtrate solution was concentrated to ca. one half of 
the original volume. The addition of 30 mL of n-pentane 
yielded white precipitates which were filtered, and then 
washed with n-pentane, ethanol, and again with n-pentane. 
The final product was dried in vacuo. Yi或d: 0.229 g, 63%.

Preparation of OsHCl(CO)(PPh3)(Ph2PCH= 
CHPPh2) (4). OsHCl(CO)(PPh3)3 (0.39 mmol, 0.405 g) 
and Ph2PCH=CHPPh2 (dppv: 0.59 mmol 0.245 g) were re­
fluxed in toluene (40 mL) under nitrogen for 3 hrs. The 
reaction mixture was filtered in air to remove any impurities 
and the filtrate solution was concentrated to ca. one half of 
the original volume. When 30 mL of n-pentane was added 
to the solution and white precipitates were obtained. The 
product was filtered in air, and then washed with w-pentane, 
ethanol, and again with n-pentane, and finally dried in va­
cuo. Yield: 0.229 g, 62%.

Preparation of OsHa(CO)(PPh3)(Fe(il5-C5H4PPh2)2) 
(5). OsHCl(CO)(PPh3)3 (0.39 mmol, 0.405 g) and Fe(i仁 

C5H4PPh2)2 (dppf: 0.60 mm이, 0.333 g) were refluxed in to­
luene (30 mL) under nitrogen for 2 hrs and then cooled to 
room temperature. The reaction mixture was filtered in air 
to remove any impurities and the filtrate solution was con­
centrated to ca. one half of the original volume. 30 mL of n- 
pentane was added to the solution and yellow precipitates 
were obtained. The product was filtered in air, and then 
washed with rt-pentane, ethanol, and again with n-pentane, 
and finally dried in vacuo. Yield: 0.287 g, 69%.

Transfer hydrogenation of trans-cinnamaldehyde.
A 30 mL toluene solution containing a catalyst (1-5) (0.02 

mmol), frans-cinnamaldehyde (2 mmol), an internal stan­
dard (n-decane, ca. 0.28 g), and a hydrogen donor (2-pro- 
panol, 200 mmol, 11.8 g) was introduced into a Parr Series 
4560 bench top mini reactor (Parr Instrument) with a gas in­
let valve and a sampling valve. The system was purged 
three times with 40 psi nitrogen to remove air in the vessel. 
The temperature was raised to 110 °C. As soon as the reac­
tor maintained constant temperature, stirring was started. 
This point was marked as time zero and sampling in an alu­
minum capped vial (2cm- 3) was performed periodically us­
ing a needle attached to the sampling valve and quenched 
at - 20 °C to keep further reaction from proceeding, and 
quantitatively analyzed immediately by a gas chromato­
graph equipped with an FID detector.

Hydrogenation of trans-cinnamaldehyde with H2 
gas as a hydrogen donor. A 45 mL toluene solution 
containing a catalyst (0.02 mmol), fra/15-cinnamaldehyde (2 

mmol), and an internal standard (w-decane, ca. 0.28 g) was 
introduced into a Parr Series 4560 bench top mini reactor 
with a gas inlet valve and a sampling valve. The system 
was purged twice with 40 psi nitrogen and then once with 
40 , psi hydrogen at room temperature to remove the air in 
the vessel. The temperature was raised to 90 °C. As soon as 
the reactor maintained a constant temperature, the hydrogen 
pressure was fitted to 74 psi (5 atm) and stirring was started. 
This point was marked as time zero and sampling into an 
aluminum capped vial (2 cm3) was performed periodically 
using a needle attached the sampling valve and quenched to 
-20 °C. The temperature was maintained constant through­
out the reaction by a continuous supply of hydrogen gas 
from a high-pressure reservoir. The extracted samples were 
immediately analyzed by gas chromatograph equipped with 
an FID detector.

Results and Discussion

Synthesis and characterization of osmium(II) di­
phosphine complexes. OsHCl(CO)(PPh3)3, osmium(II) 
analogue of RuHCl(CO)(PPh3)3, reacts readily with an ex­
cess of the bidentate chelating ligands Ph2PCH2PPh2 (dppm), 
Ph2PCH2CH2PPh2 (dppe), Ph2PCH2CH2CH2PPh2 (dppp), cis- 
Ph2PCH=CHPPh2 (dppv) and Fe(n5-C5H4PPh2)2 (dppf) in 
boiling toluene to produce the corresponding new chelating 
diphosphine complexes, OsHCl(CO)(PPh3)(L-L) 1: L-L= 
dppm; 2: L・L드dppe; 3: L-L=dppp; 4: L-L=dppv; 5: L-L=
dppf, as shown in equation (1).

co
l/pph3

PhaP---Os--- PPha
HZ|

C!

L L

s⑴

PhaP--- Os----L • (L)△, Toluene
Elemental analysis and spectroscopic data of these com­

plexes are represented in Tables 1 and 2, respectively. The 
possible ligand geometry around osmium(II) was unam­
biguously determined from 'H NMR data and IR spectra 
along with the elemental analysis. For all the compounds, 
elemental analysis have shown a good agreement for each 
compound in Table 1. In the 'H NMR spectra of all the 
complexes 1-5, the metal hydride resonance signals were de­
tected at high field chemical shift from - 5.75 ppm (4) to 
一 8.36 ppm (1). In all the complexes, the hydride reso­
nance signals were observed as deary resolved double quar­
tets with coupling constant (2JH.trans.P) of ca. 84-99 Hz and 
coupling constant (VH^is.P) of ca. 12-21 Hz and 17-27 Hz. 
These results indicate that one of the chelating phosphorous

Table 1. Elemental analysis

Compound C(%) 
Found (Calcd.)

H(%) 
Found (Calcd.)

1 58.71 (58.63) 4.30 (4.25)
2 58.97 (59.05) 4.43 (4.40)
3 59.56 (59.45) 4.49 (4.55)
4 59.70 (59.18) 3.90 (4.19)
5 59.40 (59.31) 4.29 (4.32)
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Table 2. Spectroscopic data
NMR (SiMeQ IR (或亍

8 (Os-H) 2j(H,p)g 2j(H,p)*
(ppm) (Hz) (Hz)

Compound
v(C-O) v(M-H)

- 8.36 99.5 12.4 17.5 1934 1979
-6.95 91.5 16.4 18.1 1913 1971
-6.76 84.0 18.1 22.8 1903 2002
-5.75 95.3 14.4 20.3 1927 1971
-7.58 89.5 21.3 27.2 1909 2039

KBr disc method. ftIn DMSO서字 cIn CDC1S. dln CD2C12.

atoms of the diphosphine ligand is 旅positioned to the hy­
dride ligand and the other phosphorous atom is trans-po~ 
sitioned to the hydride ligand, which suggests that the 
osmium(II) complexes prepared in this work are trans isom­
ers (Scheme 1). This relationship between coupling constant 
and ligand geometry of hydridophosphine metal complex 
was well established for decades.5,6

To our surprise, no structural isomers other than trans 
were detected by NMR for all of the compounds 1-5. It 
is very noteworthy that analogous RuHCl(CO)(PPh3)(L-L) 
complexes usually have two structural isomers, ci5-isomer 
and Zrans-isomer, except for RuHCl(CO)(PPh3)(dppv) and 
RuHCl(CO)(PPh3)(dppf), which have shown to be trans- 
isomer only. For L-L=dppm, dppe and dppp, the complexes 
prepared in boiling toluene or stirring room at temperature 
in CH2C12 or 1:1 CH2Cl2-EtOH have shown to possess dif­
ferent isomer ratios.5,7

No remarkable changes of 니(CO) all the complexes after 
the preparations also mark the Zran^-isomer structure. Vi­
brational frequencies of the C = O triple bonds were ranged 
from 1903 cm-1 (3) to 1934 cm1 (1). If the trans position 
of a C = O bond was occupied by good n-accepting ligand 
such as monodentate PPh3 or chelating-PPh2 moiety, Os(d 
orbital) —> P(n* orbital) back donation should result in high­
er v(CO) frequency. In addition to this, small v(Os-H) 
bands were clearly separated from the strong v(CO) bands 
for all the complexes to be within the range from 1971 cm-1 
(2 and 4) to 2039 cm 1 (5). In the case of the analogous 
RuHCl(CO)(PPh3)(L-L) complexes, all v(Ru-H) bands were 
buried in strong v(CO) bands.5 Therefore, it is quite rea­
sonable to assume the stereochemistry around Os(II) is the 
trans isomer same for all the compounds.

Hydrogenation of trans-cinnamaldehyde. Transf­
er hydrogenation uses organic compound as a hydrogen 
donor while normal hydrogenation by metal complex ob­
tains its hydrogen from gaseous molecular hydrogen. Transf­
er hydrogenation of ketones in 2° Valcohol, usually 2-pro-

cis - isomer trans - isomer 

panol (=z-PrOH), preceeded in the presence of KOH at the 
boiling point of solvent.8 Spogliarich et al. performed transf­
er hydrogenation of cyclohexanone to cyclohexanol using 
cationic Wilkinson-type complexes, [Rh(diene)L2]+ (L=PMe3, 
PMePh2, PMe2Ph, PBzPh2, dppm, dppe, dppp, dppb, dppv, 
diop; diene=CON, NBD).

The activity of the complexes depended on the nature of 
the phosphine ligand used and showed the order dppodppp 
—PPh3>dppb — diop — dppv>PMe2Ph>PBzPh2>PMePh2. 
They reported that higher catalytic activities had been ob­
tained with bidentate ligands. The catalytic activity was also 
dependent on the number of methylene carbon atoms(n) in 
Ph2P(CH2)nPPh2, which was decreased with increasing n. 
Various ketones can be easily hydrogenated by hydrogen­
transfer from 2-propanol in the presence of cationic [Ir 
(COD)(phen)]Cl Q)hen= 1,10-phenanthroline).

Camus concluded that the positive charge on the metal 
probably assisted initial coordination of 2-propanol, the first 
step of the reduction.10 Sumit Bhaduri et al. reported the 
transfer hydrogenation of a,p-unsaturated aldehydes, cro­
tonaldehyde and Zran^-cinnamaldehyde, with 2-propanol as 
a hydrogen donor with ruthenium cluster, Ru4H4(CO)8L4 (L= 
P(n-Bu)3, P(OEt)3, PMe3 or PPh3).n They have found that 
the selectivities for the transfer hydrogenation of a,P-un- 
saturated aldehydes were greater at the C=O bond than the 
C=C bond.

Tran^-cinnamaldehyde serves two functional groups for 
hydrogenation. It means the hydrogenation reaction of the 
compound can be parallel as well as consecutive. The final 
product, 3-phenyl propanol, can be formed by two different 
pathways (Scheme 2). One pathway proceeds through the in­
itial reduction of the C=O bond followed by the additional 
reduction of the C=C bond. The other pathway proceeds 
through the C=O bond reduction after the C=C bond reduc­
tion.

In this experiment we monitored the amount of cinnamyl 
alcohol and hydrocinnamaldehyde as well as that of 3- 
phenyl propanol to study the selectivities of both the hy­
drogenation with molecular hydrogen gas and the transfer 
hydrogenation with 2-propanol as a hydrogen donor with 
newly prepared neutral diphosphine Os(II) complexes. The 
results for both reductions are summarized in Tables 3 and
4. Time courses for complexes, 3, 4 and 5, are also

acetone
trans-cinnainaldehyde 2-propanol

PhCH2CH2CH2OH3-phenyl propanol+acetone
2-propanol

acetone
Scheme 1. Scheme 2. Transfer hydrogenation of Zran5-cinnamaldehyde.
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Table 3. Selectivities of osmium complexes for cinnamyl al­
cohol formation in the hydrogenation and transfer hydrogenation

Compound
Selectivities for cinnamyl alcohof

Hydrogenation Transfer Hydrogenation

I 61 63
2 69 77
3 84 91
4 65 74
5 72 80

fl [amount of cinnamyl alcohol/amount of (cinnamyl alcohol+hy- 
drocinnamaldehyde)] x 100%, Above values are taken just before 
the formation of 3-phenylalcohol.

Table 4. Conversion (%) in the hydrogenation and transfer hy­
drogenation

Conversion(%)
Compound -----------------------------------------------------------

Hydrogenation*1 Transfer Hydrogenation

I 25 10
2 30 19
3 71 39
4 28 20
5 100 92

11 [amount of product/initial amount of substrate] x O 100% after 
2hrs. h [amount of product/initial amount of substrate] x O 100% 
after 3hrs.

represented in Figures 1 through 6. In general, the C=O 
bond was more easily reduced than the C=C bond in both 
of the hydrogenation reactions. Such observation might not 
be unusual, since the C=O bond is sterically less hindered 
than the C=C bond in this case and the C=O bond can easi-

• ■ ♦ • ■ciaaimyialcohoi 

~Hfr~hydrodnn»mildehyd»

0 20 40 60 80 100 120 140 160time(min)
Figure 3. Transfer hydrogenation of trans-cinnamaldehyde with 
complex (4).
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Figure 4. Hydrogenation of trans-cinnamaldehyde with com­
plex (4).

ly coordinate to the Os(II) center. It is believed that the rate 
determining step in the transfer hydrogenation is the hy- 
drogen-transfer step from the hydrogen donor molecule.12 
From Tables 3 and 4, it is noted that the selectivity for the 
reduction of the C=O bond is greater for the transfer hy­
drogenation than the hydrogenation with gaseous H2. Be­
cause the sterically more hindered 2-propanol is coordinated 
to the metal center during the transition state of the transfer 
hydrogenation, while the sterically less hindered molecular
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Figure 1. Transfer hydrogenation of rran^-cinnamaldehyde with 
complex (3).
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Figure 5. Transfer hydrogenation of Zran^-cinnamaldehyde with 
complex (5).
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Figure 2. Hydrogenation of mm$-ciimamaldehyde with com­
plex (3).

Figure 6. Hydrogenation of /raw5-cinnamaldehyde with com­
plex (5).
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H2 coordinates at the metal center for the hydrogenation 
with H2, the energy difference between these transition 
states might lead to a higher cinnamyl alcohol to hydro- 
cinnamaldehyde ratio for the transfer hydrogenation than 
that of the hydrogenation with gaseous H2.

Overall, complexes 1-5 have shown the same selectivity 
trend for both the transfer hydrogenation of trans-cin- 
namaldehyde with 2-propanol and the hydrogenation of tran- 
5-cinnamaldehyde with H2 gas. The selectivities for C=O 
bond were found to decrease in the order 3>5>2>4>1 as 
shown is Table 3. Complex 3 has shown to possess almost 
90% of selectivity. It is noteworthy to implicate some re­
lation between the vibrational frequency v(CO) in IR spec­
tra for complex and the selectivity for cinnamyl alcohol as 
shown in Figure 7. It is very difficult to quantify these ob­
servation. However, we may explain this phenomena as fol­
lows. The vibrational frequency v(CO) for metal carbonyl 
complex represents the degree of metal to C=O back do­
nation.13 High v(CO) indicate weak metal-carbon bond, in­
dicating a strong C=O bond. A lack of the strong metal to 
ligand back donation implies the lower electron density of 
the metal center and the relative lower ability to bind lo­
cally negatively charged 2-propanol or organic C=O bond 
of the substrate localy, which thus makes cinamyl alcohol 
formation less easy.

In summary, the Os(II) complexes of the diphosphine li­
gands catalyze the transfer hydrogenation and the hydrogen­
ation with H2 gas of frans-cinnamaldehyde. The selectivity 
of the catalytic reaction depends on the complex, especially 
the coordinated diphosphine ligand. Such diphosphine li­
gand plays a key role in catalytic cycle in terms of the elec­
tronic and steric effects.
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